Glycine contributes carbon atoms 4 and 5 and nitrogen atom 7 of the purine ring (1-3). Benedict, Yfi, Bien, Gutman and Stetten (4) have described experiments in which the abundance of N15 in uric acid was measured for several days following an oral test dose of glycine-N'5. In two gouty subjects, three times as much of the administered N15 was recovered in urinary uric acid as in normal subjects. In two others, however, normal quantities of N15 appeared in uric acid. In these studies, there was a rank order correlation between the daily excretion of uric acid in the urine and the per cent of ingested isotope appearing in urinary uric acid. In subjects who exhibited abnormally high basal uric acid excretions, an abnormally rapid and excessive incorporation of dietary glycine into uric acid occurred. In others whose basal excretion was approximately normal, utilization of glycine for uric acid synthesis was normal. Muller and Bauer (5) and Bishop, Rand, and Talbott (6) have each reported an additional gouty patient excreting normal quantities of uric acid who incorporated normal quantities of glycine-N'5 into urinary uric acid. The latter authors also described one gouty patient who incorporated excessive quantities of glycine-N'5 into urinary uric acid on two of three occasions despite a normal urinary urate excretion. These studies, therefore, demonstrated that overproduction of uric acid was present in some gouty subjects, but failed to give a clear indication of the cause of hyperuricemia in another, perhaps predominant group of the gouty population.
Glycine contributes carbon atoms 4 and 5 and nitrogen atom 7 of the purine ring (1) (2) (3) . Benedict, Yfi, Bien, Gutman and Stetten (4) have described experiments in which the abundance of N15 in uric acid was measured for several days following an oral test dose of glycine-N'5. In two gouty subjects, three times as much of the administered N15 was recovered in urinary uric acid as in normal subjects. In two others, however, normal quantities of N15 appeared in uric acid. In these studies, there was a rank order correlation between the daily excretion of uric acid in the urine and the per cent of ingested isotope appearing in urinary uric acid. In subjects who exhibited abnormally high basal uric acid excretions, an abnormally rapid and excessive incorporation of dietary glycine into uric acid occurred. In others whose basal excretion was approximately normal, utilization of glycine for uric acid synthesis was normal. Muller and Bauer (5) and Bishop, Rand, and Talbott (6) have each reported an additional gouty patient excreting normal quantities of uric acid who incorporated normal quantities of glycine-N'5 into urinary uric acid. The latter authors also described one gouty patient who incorporated excessive quantities of glycine-N'5 into urinary uric acid on two of three occasions despite a normal urinary urate excretion. These studies, therefore, demonstrated that overproduction of uric acid was present in some gouty subjects, but failed to give a clear indication of the cause of hyperuricemia in another, perhaps predominant group of the gouty population.
Recently, we have administered glycine-1-C'4 to control and gouty patients in order to label urinary purines, as part of a study of intermediates in urate synthesis (7) . The first two gouty patients both exhibited excessive incorporation of C14 into urinary urate, one despite a normal urate excretion (7, 8) . It was therefore decided to re-investigate the problem of the rate of generation of uric acid in gout, employing tracer doses of glycine-1-C"4 rather than large doses of glycine-N'5 as were required in previous studies.
In the present study, glycine-1-C'4 was administered orally in 2.5 to 25 uc. doses to control and gouty subjects, and the concentration and cumulative incorporation of isotope into urinary uric acid were determined. This paper presents data indicating that overincorporation of glycine-1-C'4 into uric acid is a consistent finding in primary gout, and that the failure of the glycine-N'5 technique to disclose overincorporation in some gouty subjects may have been the result of the large dose of glycine employed. These results have been interpreted as showing that the hyperuricemia of primary gout is due to overproduction of uric acid in the majority if not all gouty subjects.
METHODS
Glycine-1-C'4, specific activity 1 to 2 mc. per mM, was purchased from Nuclear Instrument and Chemical Company. Uric acid determinations were performed by differential spectrophotometry according to Praetorius (9) , employing purified uricase purchased from Worthington Biochemical Corporation. Uric acid was isolated from urine either by adsorption onto charcoal and subsequent elution with alkali (10) or by precipitation with copper (11) . It was recrystallized from lithium carbonate solution by addition of acetic acid (12) . Uric acid was transferred to stainless steel planchets as an acetone suspension, dried under an infra-red lamp, and counted in a Robinson gas flow counter (13) were administered orally in solution with a light breakfast. Daily urine collections were obtained under toluene at room temperature for varying periods after ingestion of labeled glycine. Pertinent data on the subjects of this study are given in Table I .
In one gouty subject (D. W.), the labeling of expiratory CO, was determined by methods previously described (14) . Uric acid degradations were performed according to Buchanan, Sonne, and Delluva (2). C-6 and C-(2 + 8) were counted as BaCO,. C-(4 + 5) were counted as glyoxylic acid semi-carbazone.
RESULTS
The concentrations of C14 in urinary uric acid following the ingestion of a single tracer dose of glycine-1-C" are plotted as a function of time in Figure 1 . In two control subjects, C. L. and W. W., the specific activities reached maxima on the third day, after which there was a gradual decline in isotope concentration. However, in a third control subject, H. B.,' maximal enrichment 1 Data on control subject H. B., and gouty subject H. H., are not shown in Figures 1 or 2 , since samples were collected for only three and four days, respectively. occurred in the sample excreted 6 to 17 hours following glycine-1-C4 administration and was then 510 c.p.m. per mM of uric acid. In the seven hyperuricemic subjects, comprising one patient with asymptomatic hyperuricemia and six with clinical gouty arthritis,' there was prompt isotopic enrichment of urinary uric acid, such that the first day specific activity values were up to three and one-half times greater than those found in the control subjects. However, because of differences in quantities of uric acid excreted, concentration data alone do not clearly separate the gouty and control subjects. In the asymptomatic hyperuricemic subject, the specific activity curve was not maximal until the third day but was approximately twice the level of enrichment of control curves throughout. Thus, the day of maximal enrichment also does not clearly separate a gouty from a control subject. In the six clinically gouty subjects, maximal specific activity values were encountered on either the first or second day, and there was a general similarity in the shapes of the enrichment curves of the gouty subjects. There was, however, a five-fold range in the heights of the maximal specific activity values which varied from 510 to 2480 c.p.m. per mM of uric acid.
From knowledge of the quantity of uric acid in each day's urine, and of its C"4 content, the daily excretion of C14 as uric acid has been calculated. This information has been plotted cumulatively and expressed in percentage of administered C14 in Figure 2 . In control subjects C. L. and W. W., 0.15 and 0.18 per cent of the C"' fed as carboxyl-labeled glycine appeared in urinary uric acid in eight days. In H. B., 0.064 per cent appeared in three days, an entirely normal value despite his first day maximal specific activity result. In contrast, the asymptomatic hyperuricemic subject, R. A., incorporated 0.29 per cent of the administered C14 into uric acid in seven days, and the patients with clinical gout incorporated from 0.29 to 0.66 per cent in six to seven days. Subject H. H. incorporated 0.18 per cent in four days, again a high value and consistent with results on the other gouty subjects. When the results are expressed in terms of cumulative incorporation of isotope over several days, it is clear that gouty subjects, as a group, differ from controls in the efficiency with which they utilize a tracer dose of glycine-1-C" in the synthesis of uric acid. In the patients studied, there was no overlap between gouty subjects and control subjects. The cumulative C1' incorporation into uric acid in the gouty patients exceeded that found in the controls by two-to five-fold.
It will be noted that the cumulative isotope incorporation curve of E. H., the gouty subject excreting 1,054 mg. of uric acid daily, did not differ greatly from those of the other gouty subjects, with the exception that during the first 24 hours following administration of glycine-C0 there was a greater incorporation of C1' into uric acid than in any other subject (this despite a specific activity value on Day 1 which was identical with that of control H. B.). The significance of this finding is not clear, however, particularly since an even greater rate of incorporation is found on Days 2 and 3 in patient W. R., who excreted only 313 mg. of uric acid daily. In this study, there was no apparent correlation between the basal excretion of uric acid and the per cent of ingested isotope appearing in urinary uric acid (cf., Figure  2 and Table I ).
There was also no clear relationship between the results obtained and the advent of an acute gouty attack. Patient W. R. was recuperating from an acute gouty attack which had had its onset four days prior to the administration of isotope, and V. L. developed an acute attack on the second day of the study and was treated with colchicine on Days 3 and 4. Nevertheless, the results procured in these subjects were similar to those of the other gouty subjects.
Labeling of expiratory CO2
The labeling of expiratory CO2 was determined following oral administration of glycine-1-C14 in gouty subject D. W. The specific activity of expired CO2 was maximal 10 to 20 minutes following the administration of glycine. CO2 collected at five hours still had significant C14 content, but samples collected at 24 and 48 hours did not measure significantly above background by the counting methods employed.
The peak specific activity of expired C1402 was 2,605 c.p.m. per milliatom of carbon, calculated under conditions equivalent to those under which uric acid values were expressed. This value was some six-fold greater than the maximal specific activity of uric acid (396 c.p.m. mM), attained on the second day. Since CO2 is known to be the precursor of C-6 of the purine ring (2, 15), the possibility was considered that C1' fed as glycine-1-C14 had labeled uric acid not only in C4 as a consequence of incorporation of intact glycine, but also in C-6 via the bicarbonate pool. For The per cent of the administered glycine-l-C' which has been excreted as uric acid-CT has been plotted cumulatively. various carbon atoms of uric acid were isolated from selected samples and analyzed for their specific isotope contents.
Position of labeling of uric acid
The C14 concentrations found in the various carbon atoms of selected samples of uric acid are shown in Table II . It is seen that there is no significant labeling of any carbon atoms other than C-(4+5), whether early or late uric acid samples are analyzed. Since C-5 of the purine ring is derived from the a-C of glycine (2) , it may be presumed that all the C14 is in C-4, the carbon atom specifically donated by the carboxyl-C of glycine (2, 3). If C-5 contained C14, one would not expect C-(2+8) to be devoid of isotope (2) . 
DISCUSSION
In an earlier study, Benedict, Yii, Bien, Gutman, and Stetten (4) found that control subjects and gouty subjects excreting normal quantities of uric acid incorporated 0.1 to 0.2 per cent of a test dose of N15, fed as glycine, into uric acid in a nine-day period, whereas two gouty subjects excreting excessive quantities of uric acid incorporated much larger quantities of N'5. In the latter patients, 0.45 and 0.56 per cent, respectively, of the N15 appeared in urinary uric acid in nine days.
In the present study, the incorporation of C14, fed as glycine-l-Cl", into uric acid was also of the order of 0.1 to 0.2 per cent in eight days for the control subjects and was 0.49 per cent in seven days in E. H., a gouty subject known to excrete large quantities of uric acid in urine. However, all five of the gouty subjects who exhibited normal basal uric acid excretions also showed high cumulative isotope incorporation values, which ranged from 0.29 to 0.66 per cent of the fed C14 in six to eight days. Some or all of these subjects might be anticipated to show normal incorporation values if studied by the glycine-N'5 technique. Indeed, as mentioned above, one of them did show normal N15 incorporation values on two occasions (17) .
The urate degradation studies indicate that glycine has been incorporated into the purine ring intact, and that virtually all the C14 is in C-4 of uric acid. These results suggest that overincorporation of glycine-1-C"4 into uric acid is a consistent metabolic defect in primary gout, both in those with the gouty trait and those who have, or have had, clinical gouty arthritis. They further suggest that overproduction of uric acid is the fundamental cause of hyperuricemia in primary gout, regardless of the stage or severity of the disease or of the magnitude of the urinary urate excretion.
All of the reasons for the differences in results obtained with glycine-N'5 and glycine-1-C"4 are not clear. At least two factors do appear to have roles. First, the introduction of N15 into positions other than N-7 of the purine ring, because of transamination and entry of N15 into aspartic acid and the amide-N of glutamine, the precursors of N-1 and of N-3 and N-9, respectively (19) (20) (21) , would tend to introduce a greater percentage of a given dose of glycine-N'5 into uric acid than of glycine-1-C"4, which appears to label C-4 quite specifically.
Second, the large dose of glycine required for the N15 studies appears to result in a decided reduction of the percentual incorporation of C14 into uric acid. These are opposing influences, and the apparent good agreement of results obtained with glycine-N'5 and glycine-1-C"4 in control subjects and in gouty subjects excreting large quantities of uric acid may therefore be fortuitous. The influence of the dose factor has not as yet been evaluated in control subjects or in gouty subjects excreting large quantities of urate, so a more definitive explanation of this problem is not now possible.
The curves of prompt and excessive enrichment of urinary uric acid found in the gouty subjects fed glycine-1-C"4 resemble those published by Stetten's group for their gouty subjects who incorporated N15 from glycine excessively into uric acid. In explanation of these N15 curves, the arguments advanced by Benedict and associates (22) and by Stetten (23) for a shunt mechanism of urate synthesis, whereby dietary glycine can promptly enter urinary urate without the obligatory intervention of nucleic acid purines, apply equally well to the C" enrichment curves shown in Figure 1 The configurations of the curves obtained in the gouty subjects indicate that labeled uric acid is being formed excessively and is turning over more promptly than normal. And since the turnover time of ribonucleic acids is about 8 to 10 days, and of desoxyribonucleic acids even longer (24) , the prompt enrichment of urinary uric acid could not have proceeded via nucleic acids. Some of the mechanisms permitting this prompt direct entry of isotope into urinary uric acid, which obviously occurs to a limited extent also in normal subjects, are currently under study (8, 25 The uric acid not excreted via the kidney has three quantitatively important fates available to it: deposition in tophi, excretion by way of bile and gastrointestinal tract (29) , and destruction in tissues (30, 31) . Two of our patients (D. W. and V. L.) were observed to develop tophi about the time the studies were performed. Excretion by way of bile may be quite variable in magnitude (29) , and recently it has been stated that in some patients whose body uric acid is increased, a greater percentage of uric acid is oxidized than in normals (32) . Thus, compensating dispositions of urate may exist, and may condition the severity of the hyperuricemia. These factors require better definition, but the evidence available at this time suggests that overproduction of uric acid in primary gout is the fundamental defect responsible for the hyperuricemia of the disease. SUMMARY 1. The rate of generation of uric acid in gouty subjects has been re-investigated in studies wherein tracer doses of glycine-l-Cl4 were fed and the excretion of C14 in urinary uric acid was determined.
2. The gouty subjects comprised six patients with histories of acute gouty arthritis, and one with the trait of asymptomatic hyperuricemia. Two gouty subjects excreted excessive quantities of urate in urine, whereas the other four, and the asymptomatic hyperuricemic subject, excreted quantities of urate well within the range of normal.
3. All seven gouty subjects exhibited quantitatively excessive incorporation of C14 into urinary urate. Degradation of the labeled urate suggested that glycine had been incorporated intact and indicated that non-specific labeling of the purine nucleus by secondary reactions was negligible. 4 . These results constitute strong evidence that overproduction of uric acid from glycine and other small molecules is the fundamental defect responsible for the hyperuricemia of primary gout. 5. The characteristics of the curves of C14 incorporation into uric acid strongly suggest, as did earlier studies with glycine-N'5, that nucleic acids are not involved in the overproduction of uric acid in primary gout.
